Photoreactable bioconjugated macromolecules were synthesized via atom transfer radical polymerization (ATRP), using an N-hydroxysuccinimide ester functional end group with the anti-biofouling 2-methacryloyloxyethyl phosphorylcholine (MPC) units and photoreactable 2-(4-azidobenzamido)ethyl methacrylate units. The polymer was then conjugated with bovine serum albumin (BSA), and the simultaneous patterning of BSA and L-929 fibroblast cells was prepared by a simple coating and irradiation (254 nm UV) process.
Patterned protein arrays have many potential utilities in the eld of biomedical engineering and cell biology. Because of the specic functionality of protein molecules, protein microarrays are now being widely used in many engineering elds as a means of delivering controlled cellular growth, for enzymatic assays, and for multiple analyte immunoassays, amongst others.
1 Patterned living cell arrays have also been reported on extensively over the past few decades. Because cells are known to regulate their physiological activity by sensing the microenvironment, cells cultured on a controlled surface are able to provide well-dened information relating to the applied stimulations. 2 For these reasons, patterned cell arrays are now being used in many biomedical research elds such as stem cell engineering, cell biology, and drug screening, amongst others.
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Recently, multi-functional patterned surfaces composed of biomolecules and cells have gained a signicant amount of attention because of their potential utility in high-throughput bioassays, as a co-culture system for various cells, for realtime analysis of cellular responses, and multi-functional drug screening systems as well as other uses. Various patterning technologies have been utilized to achieve well-dened protein and cell patterning. [6] [7] [8] These are mainly chemical methods based on nitroarylazide photochemistry or photo-induced silane chemistry, etc. Although the availability of a multifunctional patterned surface has been widely demonstrated in many biomedical elds, their successful implementation oen requires a sophisticated patterning process. For instance, chemical immobilization, represented by the photolithographic method is one of the methods most widely used to develop multi-functional patterning of biomolecules and living cells. [9] [10] [11] To this end, a multi-step chemical coating process, including repeated graing and removal processes has been adopted by introducing photolabile groups on the graing surface. This is laborious, so development of a facile and effective method capable of simultaneously patterning biomolecules and cells with a minimal number of steps is highly required in this eld.
Physical adsorption, represented by imprinting method of protein molecules, is one of the efficient methods used to reduce the number of steps in the overall patterning process, because the process of surface functionalization through chemical modication that has been used for protein immobilization increases the complexity of the method. Although the imprinting method is the fastest method used to develop a patterned protein surface, physically adsorbed proteins are oen replaced by other proteins (referred to as the Vroman effect) when the downstream cell patterning process is conducted.
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Furthermore, the conformational stability of proteins physically adsorbed on the solid surface tends to be lower compared to proteins conjugated to the surface using hydrophilic polymers. 14, 15 In order to overcome these drawbacks of the chemical and physical patterning processes used for protein patterning, an approach using direct photoimmobilization of proteins through conjugation with a photoinduced cross-linkable phospholipid polymer is proposed here. Cell membrane-inspired 2-methacryloyloxyethyl phosphorylcholine (MPC) polymers are known to prevent protein adsorption and cell adhesion. conjugated to each other. [18] [19] [20] Therefore, it is anticipated that a protein conjugated using a photoinduced crosslinkable MPC polymer can be directly immobilized on the surface by one-step photoirradiation, and the co-immobilized MPC polymer can prevent the disruption of the patterning induced by nonspecic protein adsorption. Fig. 1 shows the overall synthetic procedure used for bioconjugation of the photoreactable MPC polymer. In this study, uorescein isothiocyanate (FITC)-labeled bovine serum albumin (F-BSA) was chosen as a model protein in order to conrm the feasibility of the proposed strategy. Because the molecular weight of BSA is 66 kDa, it was necessary for the molecular weight of the MPC polymer to be below 66 kDa, so that the immobilized BSA could not become entangled with the higher molecular weight crosslinked long chain MPC polymers. To this end, N-hydroxysuccinimide (NHS) ester-end functional atom transfer radical polymerization (ATRP) initiator was used to prepare the photo-reactable MPC polymer.
21 NHS-ester end-functional ATRP initiator is a wellknown method used for the synthesis of various (meth)acrylic polymers including MPC that are capable of being conjugated with lysine residues on the surface of protein molecules. 22 As a surface immobilization group, photoreactable 2-(4-azidobenzamido)ethylmethacrylate (AzMA) was synthesized (Fig. S1 †) and then copolymerized with MPC via the ATRP method. and (c) show the result of the molecular weight trace measured by size exclusion chromatography (SEC). As is clearly shown, the unimodal chromatogram continuously moved toward the higher molecular weight region through the consumption of monomers. As a result, the overall molecular weight increased linearly with the monomer conversion, and its polydispersity (PD) value were maintained around at 1.2. The nal molecular weight of the synthesized copolymer was 42.7 k, with a PD value of 1.21. Although these results were indicative of a wellcontrolled ATRP reaction, it was necessary to conrm uniform growth of the polymer chain had occurred along with a constant MPC and AzMA composition. As shown in Fig. 2(d) , the composition of the randomly growing copolymer chain was almost constantly maintained at the in-feed ratio for the duration of the polymerization process. Although the polarities of the two different monomers were quite different, the two monomers homogeneously participated in the polymerization process in the co-solvent resulting in the formation of a uniform random copolymer structure. The nally synthesized copolymer contained 9.94% AzMA, which is almost same as the feed-in ratio of 10%. Successful synthesis of the end-functional, photoreactable phospholipid copolymer (PMAz) was conrmed using 1 H-NMR and FT-IR ( Fig. S2 and S3 †) .
Bioconjugation of PMAz with F-BSA was then conducted in order to prepare photoreactable F-BSA (F-BSA-PMAz). Fig. 3 shows the result of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of the conjugated F-BSA. The random copolymer composed of MPC and AzMA without the NHS-ester end-functional group was also synthesized as a control polymer, and mixed with F-BSA. As shown in Fig. 3 , no signicant conjugation band was observed when F-BSA was mixed with the random copolymer. In contrast, PMAz-mixed F-BSA showed a distinctive high molecular weight band. The characteristic broad band in the higher molecular weight region is very well known phenomenon when protein molecules are conjugated with the synthesized polymers because of the distributed molecular weight of the synthesized polymers.
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Although several of the 3-amine groups from the lysine residues in BSA (4-5 Lys) were already conjugated with FITC, 24 the unconjugated free amine could still be successfully conjugated Fig. 1 Overall concept of preparing simultaneous patterning of conjugated protein and cells by using a photoreactable MPC polymer.
with PMAz because of the large amount of lysine residues present ($35 Lys) on BSA.
An aqueous solution of the conjugated BSA (0.1 wt%) was then coated onto polypropylene (PP) discs (10 mm diameter), and air-dried in a clean environment. Following this, the coated PP disc was covered with a micro-patterned photomask, and irradiated with 254 nm UV light (300 mW cm À2 ) for 10 s. Aer thorough washing with phosphate buffered saline (PBS), the PP surface was observed under a uorescence microscope. Fig. 4 shows a photograph of the patterned photomask and the resulting uorescence images. As is clearly shown, F-BSA was patterned on the PP surface only where UV light irradiation occurred through the photomask. This result indicates that the phenylazide groups present on the BSA protein can immobilize the protein to the PP surface. The phenylazide group is known to form an amine linkage by attacking arbitrary hydrocarbons present on organic substrates or polymers when it is exposed to the appropriate UV light (254 nm). 25 For this reason, phenylazide, or similar photoreactable group-containing polymers have been widely used as a negative photoresist material to develop patterned polymer surfaces on organic substrates.
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In the present study, we conrmed that a similar procedure could be used for the simple patterning of a protein molecule onto an organic substrate.
The protein-patterned surface was then brought into contact with L-929 mouse broblast cells in order to conrm the feasibility of achieving simultaneous patterning of proteins and cells. Cell adhesion on material surfaces is generally mediated through a protein layer found on the outside of cells, referred to as the extracellular matrix (ECM). This matrix contains a variety of adhesive proteins that mediate attachment to a variety of different matrices, as well as to other cells. The ECM proteins are derived from biouids, including the articial cell culture medium, as well as from cell secretion. Inhibition of both ECM sources is therefore an effective way to prevent cell adhesion and downstream activation and aggregation. This mechanism has been adapted in order to prevent bacterial cell adhesion and biolm formation during the infection process on material surfaces. 29, 30 Because the anti-biofouling MPC polymer chains coexist with the BSA molecules, ECM formation on the BSApatterned area was anticipated to be effectively prevented. Fig. 4 shows the patterned cells on the F-BSA-immobilized surface. As is clearly shown, cells adhere to the surface where the F-BSA is not immobilized even aer the fully proliferated state. This result indicates that the formation of ECM on the F-BSA-immobilized surface is effectively prevented, and that the ECM was only formed on the exposed PP surface, where the MPC polymer was not immobilized, resulting in the induction of signicant cell adhesion.
The simultaneous patterning of proteins and cells has many potential utilities in the eld of biomedical engineering. However, the multi-step process required for the sequential patterning of protein and cells oen requires sophisticated surface treatment, including the repeated passivatingimmobilization process. In the present study, immobilization of protein molecules was conducted along with the surface passivation process using a simple UV light-irradiation process, and the simultaneous patterning of proteins and cells was achieved. Because cell functions have been known to greatly depend on the microenvironment of adhering cells, this result is expected to contribute to the fundamental studies of cell biology. For instance, cellular interactions between different types of cells are very important to understand many biological responses such as tissue regeneration, immune responses, and cancer cell behaviour. If specic protein or peptides that are able to induce specic cell adhesion are conjugated with PMAz and patterned on the surface, the different types of cells are expected to be alternatively patterned on the surface in welldened manner. In any event, the feasibility of photoreactable bioconjugation system on the development of multi-functional biointerface was successfully conrmed in this research.
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